ABSTRACT-Modulation of learning and memory acquisition, retention and retrieval in the one trial passive avoidance learning task in mice by three inescapable stresses, i.e., footshock (FS), psychological (PSY) and forced swimming (SW) were investigated. Pre-, post-training and pre-test FS-stress (2 mA, 0.2 Hz, 1 sec for 30 min) and pre-training PSY-stress (communication box, 5 min) resulted in enhanced test latencies. On the contrary, SW-stress (201C, 5 min) immediately or 1 hr after training impaired retention latencies that tended to recover after 2 hr post-training SW-stress, suggesting that at least 2 hr are required to consolidate newly acquired information. In contrast, pre-stress naloxone (Nx), which did not affect FSand PSY-stress induced facilitatory effects, returned to control levels the impaired retention latencies induced by SW-stress. Taken collectively, these results imply the involvement of an opioid-dependent mechanism in the modulation of memory by SW-stress and non-opioid in the case of FS-and PSY-stress. Furthermore, they suggest that different mechanisms are involved in stress-induced memory modifications and the production of stress-induced analgesia (SIA) since in the latter, FS and PSY but not SW stress produce Nx-sensitive ontinn~i ', r~tinn
During the last few years, there have been substantial advances in our understanding of the associational/cognitive processes underlying learning as a result of research on the neurochemistry and psychopharmacology of neuropeptides, in particular, endogenous opioid peptides. A vast number of experiments gave evidence suggesting that exogenous and endogenous opioids can alter learning acquisition, storage as well as retrieval in different ways depending on the type of opioid and learning task used (1). Furthermore, a number of experiments have demonstrated that stress can modify passive and active avoidance response behaviors (2 -6) . In this regard, it is well understood that opioid peptides are closely involved in stress circuits, being released under stressful conditions (7) . Endogenous opioids have also been implicated as mediators of stress-induced analgesia (SIA) (8) (9) (10) . In mouse studies, while foot-shock (FS)-SIA and psychological (PSY)-SIA were mediated by an opioid mechanism, 3-min swimming-stress (SW)-SIA was opioid-independent (11, 12) . Overall, it would be plausible to admit, a priori, interconnections among opioids, stress and learning.
Thus, the present study was designed to investigate in mice whether three inescapable forms of stress, FS-, PSYand SW-stress, modify somehow any of the stages known to exist in the learning and memory processes and if so, whether opioidergic pathways are implicated in the underlying mechanism. Try to ascertain whether stress-induced learning variations and SIA share a confluent mechanism was also a subject of study.
MATERIALS AND METHODS

Animal and experimental conditions
Male mice of the ddY strain weighing 18 -20 g (Ohtsubo Exp. Animals, Nagasaki) were housed in 42 x 26 x 15 cm plastic cages with ad lib access to food and water under a natural day/night regime. After reaching 29-31 g, they were used for the experiments. All experimental procedures were carried out in a quiet, air-controlled laboratory and animals were equilibrated to these conditions for 45 min before experimentation. All procedures were carried out between 9:00 a.m. and 3:00 p.m. to minimize diurnal variation in learning responses. Animal holding was gentle to reduce as much as possible handling-induced stress variations in learning behavior.
Drugs
Naloxone-HC1 (Sigma, St. Louis, MO, USA) was purchased and given i.p., in a volume of 0.1 ml/10 g body weight. The dose is expressed as the salt.
Exposure to PSY-, FS-and SW-stress Using the communication box with a slight modification of the method of Ogawa and Kuwahara (13), mice were exposed to PSY-stress for 5 min. The chamber (30 x 30 x 30 cm) with a grid floor composed of 1.5-mm stainless steel rods 7-mm apart from each other was divided into 9 compartments (10 x 10 x 30 cm) with transparent plastic walls. A scrambled electric shock (2 mA, 0.2 Hz, 1 sec duration) was delivered for 5 min through the floor grid. Plastic plates were placed on the grids of five compartments to prevent the animals from receiving direct FS, but they were exposed to PSY-stress by watching and hearing the struggle, jumping and vocalization of shocked animals in the adjacent compartments, which were provided daily with naive animals.
The same box was used to apply direct FS-stress. Animals placed on the grid floor received inescapable and unsignaled FS (2 mA, 0.2 Hz, 1 sec duration), by which significant FS-SIA was produced (10), for 30 min.
For the induction of SW-stress, mice were forced to swim in a water bath, 40(L) x 35(W) x 20(H) cm, with 15 cm of water in depth at 20'C for 5 min. At the end of the swimming period, animals were removed from the water, immediately and gently wiped to dryness with absorbent paper and returned to the home cage before subsequent testing.
The conditions for these three stress treatments were designed to elicit the maximum values of SIA (10, 11) .
Apparatus for behavioral studies
The apparatus consisted of an illuminated and a dark compartment (each 4 x 13 x 19 cm) adjoining each other through a small gate (3 cm in diameter) with a grid floor, 2.5-mm stainless steel rods set 7-mm apart.
Learning and memory testing
On the training trial, the animal was placed in the illuminated compartment facing away from the dark compartment. When the animal entered into the dark compartment, an electric shock (ES; 20 V, 2-sec duration, unless otherwise indicated) was delivered through the grid floor. Ten seconds after the animal returned to the illuminated compartment, it was taken and returned to its home cage. At the test trial 24 hr after the training session, the animal was placed in the illuminated compartment and its latency to enter the dark compartment (maximum 600 sec) was measured.
The effect of stress exposure on learning and memory processes were tested at 3 different stages: Pre-training: Animals were exposed to stress and returned to their home cages for 30 min before the training session. Saline or 1 mg/kg naloxone (Nx), i.p. was administered 10 min before the training trial to non-stressed groups. The other groups were injected i.p. with saline or Nx 10 min before stress exposure.
Post-training: Mice were exposed to stress 10 min after the training trial and returned to their home cages. Both stressed and non-stressed groups received saline or 1 mg/kg Nx, i.p. immediately after training.
Pre-test: Stress was delivered 30 min before the test trial. Non-stressed groups received saline or 1 mg/kg Nx, i.p. 10 min before the test session. Stressed-groups were given i.p. saline or Nx 10 min before stress exposure.
Statistical analyses
Data are expressed as medians and interquartile ranges (sec). All data were analyzed by the Kruskal-Wallis nonparametric one-way analysis of variance, and subsequently, post-hoc tests were performed with the two-tailed Mann-Whitney U-test. In all statistical evaluations, P<0.05 was used as the criterion for statistical significance.
RESULTS
Effect of FS-, PSY-and SW-stress exposure on memory acquisition and its modification by pre-stress Nx Pre-training exposure to FS-and PSY-but not SWstress showed an enhanced test trial latency and an increased incidence of maximum retention latency of 600 sec, and the effects were not affected by Nx (Fig. 1) .
Naloxone by itself showed no behavioral differences compared to saline injected animals (Fig. 1) . Training latencies were not affected by stress exposure (FS: 16, 11-24; PSY: 20, 11-25; SW: 20, 13-33) compared with the naive animals (15, 7-21).
Effect of FS-, PSY-and SW-stress exposure on memory consolidation and its modification by pre-stress Nx
As can be seen in Fig. 2 , whereas post-training FSstress caused a significant enhancement of test latencies and a pronounced increase in the incidence of maximum retention latency of 600 sec, post-training PSY-stress had no influence on retention latencies. In contrast, post-training SW-stress impaired retention latencies in the test trial. Administration of Nx immediately after training failed to alter the effects provoked by FS-and PSY-stress exposure, but returned SW-stress induced shortened latencies almost to control levels. Nx by itself had a facilitatory Fig. 1 . Effect of pre-training FS-, PSY-and SW-stress on acquisition of the one trial passive avoidance response in the step-through task and pretreatment with Nx. Mice were exposed to stress 30 min before the training session, and retention latencies were tested 24 hr after training. Nx at 1 mg/kg, i.p. was administered 10 min prior to stress exposure. Training latencies of naive animals (N).
Stepthrough latencies at the test session, non-stressed and stressed groups (given saline instead of Nx, [:]; given Nx, ). **P<0.01, compared with the control. Each value represents the median and interquartile ranges (n=7-30). Fig. 3 . Time course changes on consolidation induced by posttraining SW-stress and pretreatment with Nx. Mice were exposed to stress immediately (SW), 1 hr (SW-lh) and 2 hr (SW-2h) after training, and retention latencies were tested 24 hr after the training.
Stepthrough latencies at the test session, control (given saline instead of Nx, E]; given Nx, ). The shock intensity in the training trial was 25V. *P<0.05 and **P<0.01, compared with the control. ##P<0 .01, compared with the effect of SW-stress in the salinetreated animals. Each value represents the median and interquartile ranges (n=15-20). Fig. 2 . Effect of post-training FS-, PSY-and SW-stress on consolidation of the one trial passive avoidance response in the stepthrough task and pretreatment with Nx. Mice were exposed to stress immediately after training, and retention latencies were tested 24 hr after training. Nx at 1 mg/kg, i.p. was injected 10 min before stress exposure.
Step-through latencies at the test session, non-stressed and stressed groups (given saline instead of Nx, 0; given Nx, ). **P <0 .01, compared with the control. #P <0.05, compared with the effect of SW-stress in the saline-treated animals. Each value represents the median and interquartile ranges (n=7-30). Effect of pre-test FS-, PSY-and SW-stress and Nx on retrieval of the one trial passive avoidance response in the stepthrough task and pretreatment with Nx. Mice were exposed to stress 30 min before the test session. Nx at 1 mg/kg i.p. was injected 10 min before the stress exposure.
Step-through latencies at the test session, non-stressed and stressed groups (given saline instead of Nx, 0; and Nx, ). **P<0.01, compared with the control. Each value represents the median and interquartile ranges (n=7-30).
post-training elicited similar latencies to those in the saline-injected group (Fig. 3) .
Effect of FS-, PSY-and SW-stress exposure on memory retrieval and its modification by pre-stress Nx Pre-test FS-stress resulted in a marked increase of stepthrough latencies. On the contrary, neither PSY-nor SWstress had any effect on memory retrieval (Fig. 4) . Nx by itself failed as well to alter behavioral responses compared to saline injected mice and did not affect retention latencies in the test trial when administered before stress exposure (Fig. 4) .
DISCUSSION
Among vertebrates, mice are particularly cooperative in behavioral studies. Using the step-through passive avoidance task, mice trained only once can establish a long-lasting memory that lasts 24 hr at least. The present data showed that test trial latencies were significantly prolonged in mice exposed to FS-stress before training, immediately after training and before the test trial, indicating that memory acquisition, retention and retrieval might be facilitated by stress exposure. Involvement of opioidergic pathways was investigated by administration of Nx, an opioid-receptor antagonist, before stress exposure. For instance, there is extensive evidence concerning the modulation of memory by pre-and post-training administration of opiates (1). Nx at 1 mg/kg is enough to block FS-and PSY-SIA (10, 11); however, when given 10 min prior to stress exposure, it showed no effect on acquisition, consolidation or retrieval, suggesting that opioidergic pathways may not be involved in the facilitating effect caused by FS-stress and pre-training PSY-stress.
Longer latencies in the test trial may also be caused by motivational alterations derived from the application of an aversive stimuli such as FS or PSY-stresses. Discrimination between memory reinforcements, in this particular case avoidance of entering in the dark cage, and anxiogenic states become a very complicated issue. It appears that emotional influences cannot be completely excluded from the learning process in itself. However, no abnormal behavior such as impaired locomotion activity was observed compared to control animals. In any case, further research on this point is neccessary to find a definite answer.
In contrast, 5 min SW-stress resulted in an impairment of memory retention. Immediately and 1 hr after stress exposure, consolidation remains inhibited but 2 hr later, learning performance tends to recover, suggesting that mice require at least 2 hr to retain the newly aquired information. This is consistent with another report using rats in which 30 or 60 min but not 120 min post-training exposure to restraint stress caused impaired test latencies (14) .
Some studies have indicated that various kinds of SWstress lead to substantial elevations of r3-endorphin (15, 16) and also impairments in memory consolidation doseand time-dependently following post-training administration of j3-endorphin and enkephalins in different learning tasks (17) (18) (19) . In addition, opioid-induced impairment of memory is blocked by opioid antagonists, suggesting the involvement of classical opioid receptors in the subjacent mechanism of memory consolidation (20, 21) . Our findings that SW-stress induced impaired test latencies is antagonized by post-training administration of Nx may support the previous hypothesis. Although administration of Nx in non-stressed animals did not alter significantly retention latencies, since a facilitatory tendency was observed, a possible colateral effect of Nx independent from the opioid receptor blockade cannot be completely ignored.
Endogenous opioids released following SW-stress might exert their action indirectly. In this regard, a number of reports suggest that opioid peptides, particularly j3-endorphin, inhibit the release of norepinephrine (NE), and met-enkephalin inhibits the release of acetylcholine (22 -24) . Furthermore, an opiate antagonist was shown to return impaired memory to control levels by blocking opioid inhibition of NE and ACh release (1).
Some experiments in this laboratory have shown an opioid-dependent mechanism in the production of FSand PSY-SIA and a non-opioid one in the case of SW-SIA (10) (11) (12) . On the contrary, learning responses in the passive avoidance task, measured by applying an identical intensity of FS, seem to be modulated by FS-and PSYstress in an opioid-independent manner and by SW-stress in an opioid-dependent way. These results indicate that stress regulates analgesia and learning and memory processes by different neurochemical pathways.
